We consider the impact of Catalyzed Big Bang Nucleosynthesis on theories with a gravitino LSP and a charged slepton NLSP. In models where the gravitino to gaugino mass ratio is bounded from below, such as gaugino-mediated SUSY breaking, we derive a lower bound on the gaugino mass parameter m 1/2 . As a concrete example, we determine the parameter space of gaugino mediation that is compatible with all cosmological constraints. 
Introduction
The observed primordial abundances of light elements produced in Big Bang Nucleosynthesis (BBN) allow to place stringent constraints on supergravity theories with conserved R parity. Due to the extremely weak coupling of the gravitino, there is likely a long-lived particle whose decays happen during or after BBN and induce nuclear reactions that change the element abundances [1] [2] [3] . If this particle is the gravitino itself, which is the case in the standard scenario with a neutralino LSP, either it has to be very heavy or the reheating temperature has to be rather low [4] . An attractive alternative is to make the gravitino the LSP. Then BBN is endangered by late decays of the next-tolightest superparticle (NLSP). This yields significant constraints for gravitino masses in the GeV range, which are expected in gravity and gaugino mediation, for example. A neutralino NLSP is excluded [5, 6] . Scenarios with a sneutrino NLSP are essentially unconstrained but very hard to test experimentally [7, 8] . Therefore, a charged slepton is a particularly interesting NLSP candidate, the more so as this might allow for an indirect observation of the gravitino at colliders [9] and neutrino telescopes [10] . The slepton NLSP abundance and lifetime can satisfy the limits obtained from BBN by considering NLSP decays alone [5, 6, [11] [12] [13] [14] [15] [16] [17] [18] . However, it was recently discovered that there is another process involving long-lived charged particles, which was called Catalyzed BBN (CBBN). Charged NLSPs form bound states with light nuclei, which leads to a drastic change of some reaction rates resulting in an overproduction of 6 Li [19] . A number of works [17, [19] [20] [21] [22] [23] [24] [25] [26] have studied this effect, typically finding upper bounds of a few thousand seconds on the NLSP lifetime, unless its relic abundance is a lot smaller than what is generically expected with supersymmetry and the standard cosmology.
In order to obtain such a short lifetime, a relatively heavy superpartner mass spectrum with a large hierarchy between NLSP and gravitino mass is required. In constrained scenarios for SUSY breaking like the CMSSM, this leads to a lower bound on the gaugino mass parameter m 1/2 , which depends on the gravitino mass as long as the latter is a free parameter [26] (see also [17, 18] ). Thus, the bound can in principle be avoided by lowering m 3/2 sufficiently. In the following, we study the impact of CBBN constraints on the slepton NLSP region of SUSY-breaking scenarios where the ratio of gravitino and gaugino mass is bounded from below and where the gaugino masses unify at the GUT scale. In this case, there is an absolute lower bound on m 1/2 . As a specific example, we consider gaugino mediation [27, 28] . The situation should be similar in concrete models for gravity mediation that establish a relation between m 3/2 and other mass parameters such as m 1/2 or the universal scalar mass m 0 . We determine the parameter space of gaugino mediation for moderate values of tan β that leads to a charged slepton NLSP and is allowed by all cosmological constraints, i.e. the bound on the NLSP lifetime, the bound on the energy release in decays, and the observed dark matter density.
We will start by reviewing the parameter space of gaugino mediation in the next section. Afterwards, we will consider consequences of the bound from CBBN on the NLSP lifetime, first in a more general setup and then applied to gaugino mediation. Adding the other cosmological constraints, we will numerically determine the parameter space that remains allowed and briefly discuss phenomenological consequences.
(M GUT ) > 0 that is invoked to avoid electroweak symmetry breaking at high energies may be violated [30] [31] [32] . To be conservative, we do not impose such constraints (see e.g. [33] [34] [35] [36] for discussions of their applicability). They would mainly affect the selectron NLSP region.
The gravitino cannot be arbitrarily light. Using naïve dimensional analysis [37] , one can estimate m 3/2 0.1 m 1/2 for D = 6, M C ∼ 2 · 10 16 GeV and a cutoff for the extradimensional theory at the D-dimensional Planck scale [38] . As NDA yields only a rough estimate of the lower limit, it does not appear unreasonable to violate it by say up to an order of magnitude. The bound can also be relaxed by increasing the number of compact dimensions 1 or by lowering the cutoff of the D-dimensional theory. On the other hand, D = 5 or M C < M GUT yields a larger gravitino mass. For example, changing only D to 5 yields m 3/2 0.2 m 1/2 . The case M C > M GUT is less interesting in our context, since then the running above the unification scale tends to make the stau heavier than the lightest neutralino [40, 41] .
3 Constraints from Catalyzed BBN
Estimate of the Minimal Gaugino Mass
No cosmological constraints have been taken into account so far. As mentioned, CBBN places very stringent bounds on scenarios with long-lived charged particles [19] . We assume the standard cosmological scenario where the NLSP abundance equals its thermal relic abundance, determined at the time when the particle decouples from thermal equilibrium. In particular, we assume it to be in thermal equilibrium at early times and no significant entropy production after decoupling that would dilute the abundance. Then, the abundance in supersymmetric theories generically exceeds the bound from CBBN by orders of magnitude, if the NLSP lifetime is larger than 10 3 -10 4 s. Consequently, the only possibility is to decrease the lifetime to values where the NLSP decays before the catalysis can be completed. As the corresponding upper limit on the lifetime is still somewhat uncertain [17, 19, [22] [23] [24] [25] [26] , we use a conservative value of
The decay rate of a charged slepton NLSP is dominated by the two-body decay into lepton and gravitino,
where ml is the slepton mass, M P = 2.44 · 10 18 GeV is the reduced Planck mass, and where the lepton mass has been neglected. In order to minimise the lifetime, we have to 1. maximise the NLSP mass, i.e. it should be just below the mass of the next-heavier particle, the lightest neutralino, and to 2. minimise the gravitino mass.
In theories with gaugino mass unification and with a lower bound on the ratio m 3/2 /m 1/2 , both criteria involve only one mass scale, the gaugino mass parameter. Consequently, the upper limit on the NLSP lifetime can be translated into a lower limit on m 1/2 . This is a difference compared to the Constrained MSSM, where m 3/2 is a free parameter, so that only the first criterion can be applied [26] . If the lightest neutralino is a pure bino, we can use the approximation
where we have used α
The approximation for the low-energy value of M 1 works very well, since the running of the gaugino masses is independent of the other soft parameters at the one-loop level.
We parametrise the minimal gravitino mass as
For example, the mentioned bound from naïve dimensional analysis in gaugino mediation corresponds to c = 0.1. If we allow this bound to be violated by up to an order of magnitude, we obtain the minimal value c = 0.01. Using Eqs. 
or, imposing the CBBN bound,
where we have assumed c to be small. For instance, c = 0.01 yields m 1/2 970 GeV for τ max e ℓ = 5 · 10 3 s. By setting m e ℓ = m χ , we have implicitly assumed that this equality is satisfied in some part of the parameter space. This is the case for gravity mediation, NUHM models [42, 43] or gaugino mediation with moderate tan β [29] . If for a given m 1/2 the maximal slepton mass is smaller than the lightest neutralino mass, Eq. (7) still holds, but an even stronger limit on m 1/2 exists. The same is true if the lightest neutralino is not a pure bino, since then m χ is smaller than M 1 .
Impact on Gaugino Mediation 3.2.1 Numerical Results
Let us now return to the specific setup of gaugino mediation and perform numerical studies of the impact of CBBN and other cosmological constraints on the allowed parameter space. In addition to the upper limit (2) on the NLSP lifetime, we have to take into account the non-thermal gravitino abundance resulting from NLSP decays,
For large m 1/2 , it exceeds the observed cold dark matter density, resulting in an upper limit on m 1/2 . We use the 95% C.L. bound given in [44] ,
Furthermore, there are the "usual" BBN constraints on the energy release from NLSP decays. With the short lifetime, the electromagnetic energy release is harmless, but the hadronic energy release becomes relevant with increasing stau mass. The calculation for the hadronic branching ratio of right-handed sleptons can be found in [15] . We use the hadronic constraints from Fig. 10 of [45] . These constraints assume that the whole rest energy of the decaying particle ends up in the hadronic shower, which is not the case here. Rather, the average invariant mass of theqq pair emitted in the hadronic decay ℓ → ℓ Gqq is close to the Z mass, almost independently of the slepton mass [15] . We therefore use the BBN bounds for a decaying particle of 100 GeV also for larger NLSP masses and rescale the bound on Ω NLSP by a factor m e ℓ /100 GeV [46] . Both for the constraints from BBN and for those from the observed cold dark matter density, the thermal relic density of the NLSP is essential. We use micrOMEGAs 1.3.7 [47, 48] to calculate it numerically. The superpartner spectrum is determined by SOFTSUSY 2.0.14 [49] . For the top quark pole mass, we use 170.9GeV [50] . 2 We restrict ourselves to the case tan β = 10 and µ > 0.
The parameter space in the m 1/2 -m 2 h 1 plane resulting from the lifetime and cold dark matter constraint in addition to constraints from consistency (e.g. absence of tachyons) is shown in Fig. 1 it may directly decay into gravitinos and affect BBN. Consequently, the impact of the BBN constraints on this region may have been somewhat underestimated in the plots. For c = 0.01 we have allowed regions with large m 1/2 and therefore stau lifetimes around 10 s or less. Here the mesons from τ decays (where the τ stems from the dominant two-body decay τ → τ G) become relevant, so that the hadronic stau branching ratio is O(1). However, one cannot apply the corresponding bound on Ω NLSP directly here, because it is sensitive to the number of charged mesons emitted in an NLSP decay [46] . In most tau decay modes there is only one, while aqq pair of 1 TeV, which is assumed in Fig. 9 of [45] , results in around 25 mesons [46] . Therefore, we relaxed the bound from this figure by a factor 25 m e τ /1 TeV. Applying the resulting limit puts no additional constraints on the parameter space of gaugino mediation. Also the cosmic microwave background does not yield constraints for τ e τ < 10 5 s [52] . Let us now turn to non-zero values of m 2 h 2 . While increasing m 1/2 , we also increase this soft mass in such a way that the ratio m In summary, we conclude that catalyzed primordial nucleosynthesis as well as other cosmological constraints place an upper bound on the gravitino mass in the ℓ region of gaugino mediation, m 3/2 < 0.05 m 1/2 .
Consequences for the Superparticle Mass Spectrum
Tab. 1 shows an overview of the minimal values we find for m 1/2 . We see that Eq. (7) works with an accuracy of a few percent. It can be further improved by evaluating α 1 at the bino mass, i.e. close to a TeV for larger values of m 1/2 . The results depend only weakly on m Table 2 : Superparticle mass spectra corresponding to the minimal m 1/2 allowed by the CBBN constraint (2) for tan β = 10 and m 2 h2 = 0. All masses are given in GeV unless stated otherwise. "Other q " refers to all squarks other than t 1 .
Yukawa coupling can be compensated by raising m , as long as they are not too close to the border of the allowed region. According to [53, 54] , LHC will be able to find long-lived staus with masses up to around 700 GeV. Thus, for m 3/2 0.02 m 1/2 , it should be possible to detect supersymmetry at least in a part of the allowed slepton NLSP region. Compared to similar points in the Constrained MSSM, the slepton spectrum is compressed (i.e. the difference between the masses of ℓ L and ℓ R is smaller) due to the non-zero m 2 h 1 .
Constraints on the Reheating Temperature
At high temperatures, gravitinos are produced by thermal scatterings. The resulting energy density is approximately given by [55, 56] 
where mg is the running gluino mass evaluated at low energy. We can obtain a constraint on the reheating temperature using
The corresponding maximal reheating temperatures for our values of c and m 1/2 are given in Tab. 3. The results are similar to those obtained in the Constrained MSSM for gravitino masses of a similar order of magnitude [26] . Note that we have not taken into account the non-thermally produced gravitino density (8) here. These values imply [57] that generically thermal leptogenesis is not possible in gaugino mediation with charged sleptons as NLSPs 3 , unless there is entropy production between the stau decoupling and primordial nucleosynthesis.
Left-Handed Stau NLSPs
For larger values of tan β, there is a parameter space region where a predominantly "lefthanded" stau is the NLSP. Since the decay rate is the same for left-and right-handed staus, the CBBN constraint resulting from the lifetime of the NLSP is similar. However, there will be a difference in the constraints from hadronic decays, since the hadronic branching ratio is considerably larger for left-handed staus. Unfortunately no detailed calculation for this branching ratio has been performed so far, but the result should be similar to the case of left-handed sneutrinos [7] . Despite the larger hadronic branching ratio a rough estimation indicates that there will be allowed regions also in the case of a left-handed slepton NLSP. We leave the detailed discussion of this region for future work.
Conclusions
We have discussed cosmological constraints on theories with a gravitino LSP and a charged slepton NLSP. In particular, the recently discovered effect of Catalyzed BBN places a stringent upper limit on the NLSP lifetime. From this, we have derived a lower limit on the unified gaugino mass parameter m 1/2 for scenarios with a lower bound m 3/2 > c m 1/2 on the gravitino mass. We have numerically determined the part of the parameter space of gaugino mediation with a charged slepton NLSP that remains compatible with all constraints from BBN and the observed dark matter density. Allowed regions exist for c < 0.05, which means that the gravitino mass bound from naïve dimensional analysis, corresponding to c ∼ 0.1, has to be violated by a factor of at least 2 to 3. If we set a conservative lower limit of c 0.01, m 1/2 may be as small as 1 TeV, so that supersymmetry can still be within the discovery reach of the LHC.
Smaller superparticle masses can be viable, if one relaxes the assumptions on the cosmological scenario. For example, entropy production between NLSP freeze-out and the start of BBN can dilute the NLSP abundance sufficiently to satisfy all constraints even for long lifetimes [18, 22, 59, 60] . Alternatively, a reheating temperature significantly below the NLSP mass can result in a suppressed NLSP abundance, too [61] .
